We report a family of two-dimensional hybrid perovskites (2DHPs) based on phenethylammonium lead iodide ((PEA)2PbI4) that show complex structure in their lowtemperature excitonic absorption and photoluminescence (PL) spectra as well as hot exciton PL.
results demonstrate that simple changes to the structure of the cation can be used to tailor the properties and dynamics of the confined excitons without directly modifying the inorganic framework.
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An emerging class of two-dimensional semiconductors is 2D organic-inorganic metalhalide hybrid perovskites (2DHPs). [1] [2] [3] 2DHPs are solution-processable materials that spontaneously crystallize upon mixing of their precursors into sheets of corner-sharing metalhalide octahedra separated by organoammonium cations. Because of their stoichiometric nature, 2DHPs are often considered to be "perfect" quantum well superlattices, free from interfacial roughness and defects typically seen in 2D materials grown by molecular beam epitaxy (MBE). 3 The optical and electronic properties of 2DHPs depend on composition and can be tailored through the choice of metal, halide, and cation. For example, lead halide 2DHPs have band gaps tunable between 2 and 4 eV and form heterostructures, akin to those in MBE-grown superlattices, with both Type I and Type II band alignments. In Type I 2DHPs, the alternating organic and inorganic layers result in strong quantum and dielectric confinement effects that localize excitons to the inorganic framework with binding energies >150 meV. 3 In contrast to Type I MBE-grown 2D materials, 4 the wider band gap layers of intervening organic cations in 2DHPs directly interact with strongly confined excitons. 5, 6 In our previous work, we studied the 2DHP phenethylammonium lead iodide ((PEA)2PbI4; PEA=(C6H5C2H4NH3 + )). 99.7% of the excitonic photoluminescence (PL) is emitted out of the lowest-lying excited state at 15 K. However, 0.3% of the PL is emitted out of discrete higher energy resonances that also appear at similar energies in the absorption spectrum, each separated by ~40 meV from the lowest-lying resonance and from one another. 5 The existence of hot PL violates Kasha's rule, which states carriers relax to the lowest-lying excited state before fluorescing. 7 PL from these higher-energy resonances competes with relaxation to the lowestlying excited state, and the kinetics combined with the regular spacing of the resonances led us to hypothesize that we observed a phonon progression. Importantly, theoretical calculations supported the presence of phonons located exclusively on the organic cation with energy near 40 meV. Our hypothesis that the excitonic structure is caused by a vibronic progression has been controversial, though all proposed explanations we are aware of involve some form of excitonphonon coupling. [8] [9] [10] [11] Coupling of excitons to phonons on the organic and inorganic frameworks has been optically observed in 2DHPs 6, 12, 13 and in all-inorganic 3D halide perovskite nanocrystals. 14 Here, we demonstrate that exciton dynamics in 2DHPs can be modified by tuning the structure of the organic cation, even though the band edges in 2DHPs are formed by Pb and I orbitals. 15 We modify the PEA cation by introducing a halogen atom in the 2-position of the phenyl group (ortho to ethylammonium), forming the perovskites 2-fluorophenethylammonium lead iodide (2-F), 2-chlorophenethylammonium lead iodide (2-Cl), and 2bromophenethylammonium lead iodide . These single atomic substitutions substantially change the energy of, observable number of, and spacing between the discrete resonances in the excitonic absorption and PL spectra and drastically increase the amount of hot exciton PL that violates Kasha's rule with over an order of magnitude greater hot exciton PL in 2-F and 2-Cl than in (PEA)2PbI4. These results support our original hypothesis that the excitonic structure is caused by a vibronic progression. Our findings have profound implications on the design and application of 2D perovskites because the cation can be used to finely tune the properties and dynamics of the confined excitons without the need to change the composition of the inorganic framework.
Results and Discussion
We synthesize (PEA)2PbI4, 2-F, 2-Cl, and 2-Br single crystals and structurally characterize the crystals by X-ray diffraction measurements at 100 K. The crystal structures are detailed in Figure S1 and Table S1. Figure 1A -E illustrates the structural differences between the Pb-I frameworks of (PEA)2PbI4, 2-F, 2-Cl, and 2-Br, with the Pb-I-Pb bond angles plotted in stars in Figure 1F . In contrast to cubic perovskites which have Pb-I-Pb bond angles of 180° ( Figure 1A ), the inorganic frameworks in the 2DHPs discussed herein are distorted with Pb-I-Pb bond angles <180°. Introducing larger atoms in the 2-position of the PEA cation increases their cross-sectional area, which creates additional distortion and strain on the inorganic framework 3, 16 (Figures 1B-E) and also increases the distance between Pb-I layers. The 2-Br cation is so large that it leads to out-of-plane buckling of the Pb-I framework (blue, Figure 1E ) that is not present in (PEA)2PbI4, 2-F, or 2-Cl. 16 Importantly, 2-Cl has symmetric Pb-I-Pb bond angles ( Figure 1D We perform spectroscopic studies on thin films with thicknesses of 27-32 nm of (PEA)2PbI4, 2-F, 2-Cl, and 2-Br spin-cast out of acetonitrile. Room temperature powder diffraction patterns of thin films of (PEA)2PbI4, 2-F, 2-Cl, and 2-Br on sapphire substrates ( Figure S3 ) all exhibit regularly spaced reflections indicative of the layered structure being parallel to the substrate, and the trend of increasing interlayer spacing for larger cations matches that found in the 100 K crystal structures. Figure 1F shows that smaller Pb-I-Pb bond angles result in blue-shifted absorption (circles) and PL (diamonds) spectra and therefore band gaps (squares, Figure S4 , and Table S2 ), consistent with tight-binding calculations in Sn-I 2DHPs, 16 at both 300 K (filled symbols) and 10 K (open symbols). The energy of the absorption and PL maxima correlates with the larger of the bond angles, so 2-F and 2-Cl have similar absorption and PL maxima despite the additional distortion along one direction in 2-F. Figure 1G shows room temperature excitonic absorption (solid) and PL (dashed) spectra for (PEA)2PbI4 (red), 2-F (orange), 2-Cl (green), and 2-Br (blue) centered at the absorption maximum. Previously, we showed that increasing the interlayer spacing between inorganic layers by changing the length of the cation results in a more disordered energy landscape, broadening the excitonic absorption. 6 Here, we see the same trend at 300 K as the width of the excitonic absorption progressively increases for 2-F, 2-Cl, and 2-Br compared to (PEA)2PbI4. 300 K PL spectra are also consistent with our previous report. The PL spectra are nearly invariant in width but have an increased Stokes shift as the cation becomes larger, 6 indicating that excitons find energetic minima before recombining, consistent with disorder and/or polaron formation. 5, 9, 13, [17] [18] [19] [20] [21] As the temperature is decreased from 300 K to 10 K, the excitonic absorption and PL resonances for 2-F, 2-Cl, and 2-Br linearly red-shift ( Figure S5 reports by us and others for Pb-based hybrid perovskites 6, 22, 23 as well as lead chalcogenides. [24] [25] [26] α is much smaller than that we observed for (PEA)2PbI4 and its derivatives which have longer cations with unchanged cross-sectional area, where α ranged from -0.14 to -0.16 meV/K, 27 indicative of a weaker temperature dependence of the electronic properties of 2DHPs as the Pb-I-Pb bond angle decreases and the band gap increases. Although in principle α could be influenced by strain induced by the sapphire substrates, 28 the similar structures of (PEA)2PbI4 and its 2substituted derivatives suggests that strain would affect the band gaps of (PEA)2PbI4, 2-F, 2-Cl, and 2-Br similarly. The fact that the materials uniformly, and yet we observe markedly and consistently different values of α suggests strain is not the main cause of band gap changes with temperature. Figure 1H shows 10 K absorption (solid) and PL (dashed) spectra for (PEA)2PbI4 (red), 2-F (orange), 2-Cl (green), and 2-Br (blue). As we previously reported, 5,6 the excitonic absorption spectrum of (PEA)2PbI4 ( Figure S7A and Table S3 ) shows three obvious features separated by 41(2) meV and the PL spectrum ( Figure S7B and Table S4) At 10 K, the excitonic absorption spectrum for 2-Cl ( Figure 2A ) shows four discrete peaks as well as several additional shoulders. We propose a fit of the spectrum to a sum of Lorentzian functions (Table S5 ). The resonances that correspond to obvious peaks in the absorption spectrum (red, orange, green, blue, Figure 2A ) are separated by 13.2(2) meV from one another. There are several additional bumps in the absorption spectrum at higher energies, but to avoid overfitting the spectrum we model the high energy side of the absorption spectrum with a single additional Lorentzian function (magenta, Figure 2A ). Second derivative analysis indicates seven inflection points (arrows, Figure S8 ), suggesting as many as seven discrete resonances. The exciton binding energy is 210(50) meV, 17% larger than in (PEA)2PbI4.
The 10 K PL spectrum of 2-Cl is fit to the sum of Gaussian functions and shows a 12 (1) meV separation between the red, orange, and green resonances ( Figure 2B and Table S6 ), like that observed in absorption. Inset in Figure 2B is the same PL spectrum on a logarithmic scale, which indicates the presence of additional resonances at higher energy that are too small to reliably fit. These additional peaks are also consistently seen in second derivative analysis (arrows, Figure S9 ). The shift from Lorentzian lineshapes in absorption to Gaussian lineshapes in PL indicates a change from homogeneous to inhomogeneous broadening, which we previously observed in (PEA)2PbI4. 5 The presence of hot PL and the change in broadening in both (PEA)2PbI4 and 2-Cl suggest that while the energies of the resonances differ, the dynamics are similar. The Stokes-shifted sharp resonance (dark red, Figure 2B ) is separated by 16.5(1) meV from the central red resonance, and the different spacing indicates it may be caused by a distinct phenomenon from the regular progression observed in both the absorption and PL spectra.
Interestingly, by changing a single atom on the cation, we increase the fraction of hot PL (orange and green resonances) to 8.4% in 2-Cl from 0.3% in (PEA)2PbI4.
To investigate the dynamics of the hot carrier PL, we use ultrafast time-resolved PL (TRPL) measurements. 5, 29 The TRPL spectrum at 16 K of 2-Cl is shown in Figure 2C . Each slice of the TRPL spectrum is fit to the sum of Gaussian functions ( Figure 2D ), with the resonance centers shown in Figure 2E and areas in Figure 2F . At early times, we fit a progression consisting of five resonances ( Figure 2D ), four of which are above the energy of the central resonance at energies consistent with the second derivative analysis of the 10 K steady state PL spectrum ( Figure S9 ). Importantly, the higher energy resonances (purple, cyan, green, orange) decay while the lower energy resonances continue to rise progressively (inset, Figure 2F ), like we previously observed in (PEA)2PbI4. 5 The lifetime of each resonance is quantified by fitting the integrated counts of each resonance versus time using a single or biexponential decay convolved with the measured instrument response function ( Figure 2F and Table S7 ), and with the exception of the broad tan resonance, the lifetime of resonance m is used as the risetime for resonance m-1. The three highest-energy resonances (purple, cyan, green) have similar singular lifetimes of 0.9(2), 0.9(1), and 1.1(1) ps respectively, and the fourth (orange) resonance exhibits biexponential behavior with lifetimes of 2.4(2) ps and 12(2) ps and a weighted average lifetime Interestingly, the discrete dark red resonance in Figure 2B is missing in TRPL ( Figure   3B ), and its absence combined with the larger energetic spacing than that which is seen between the other resonances suggests this resonance is not part of the same progression. This resonance takes ns to appear and is seen in 10 K ns TRPL spectra collected by single photon counting (dark red, Figure S10 and Table S8 ) to exhibit triexponential behavior with lifetimes of 6.5(3) ns, 45 (1) ns, and 179(4) ns with a weighted average lifetime of 44(2) ns. The central red resonance is still observed on a ns timescale but is shorter-lived than the dark red resonance, exhibiting biexponential kinetics with lifetimes of 3.1(1) ns and 22(1) ns and a weighted average lifetime of 5.8(3) ns. One possible explanation is that the dark red resonance is caused by an exciton bound to a shallow defect. 30 We also observe self-trapped exciton resonances (small polarons) in PL centered at energies <2.0 eV that are hypothesized to be the cause of the broad, low-temperature, lowerenergy PL resonance present in many 2DHPs including those here in (PEA)2PbI4, 2-F, 2-Cl, and 2-Br ( Figure S11 ). [31] [32] [33] In 2-Cl, the self-trapped exciton resonance is centered at 1.9257(6) eV and exhibits triexponential kinetics with lifetimes of 29.6(2) ns, 301 (1) Compared to (PEA)2PbI4 and 2-Cl, 2-F exhibits more complex behavior in steady-state and time-resolved spectra. In absorption at 10 K ( Figure 3A and Table S10 ), we observe three sharp Lorentzian resonances (green, orange, red), and another resonance (yellow) of similar width is included for a good fit. There is an inflection point at lower energy than the red resonance indicating the presence of another resonance (brown). Unlike in (PEA)2PbI4 and 2-Cl, there is no regular separation between these resonances. The exciton binding energy is 210 (40) meV. Gaussian resonances are used to fit the 10 K PL spectrum ( Figure 3B and Table S11 ). We observe the green, orange, red, and brown resonances, but again there is no consistent spacing and the Stokes shifts are different for each resonance. The yellow resonance is not reliably fit, and two additional broader resonances (tan and pink) are needed for a good fit. Table S13 ). We also observe the self-trapped exciton resonance, which exhibits triexponential behavior and has a weighted average lifetime of 152(1) ns (Figure S13D-F and Table S14 ).
In 2-Br, we do not see discrete excitonic structure in absorption or PL ( Figure 1G and S14A-B and Tables S15-S16), which may be related to the corrugated inorganic framework or to the heavy Br atom reducing the energetic spacing. Like the other species, the absorption spectrum is fit to Lorentzian functions and the PL spectrum to Gaussian functions indicating similar dynamics. The exciton binding energy is 230(30) meV. Even though there are no discrete hot PL resonances in the steady-state spectrum, the TRPL spectrum of 2-Br ( Figure S14C-F) shows signatures of hot exciton PL with a resonance (cyan, Figure S14D -F) that has a lifetime of 1.2(3) ps (Table S17 ). We also observe ns PL in 2-Br out of both the green and orange excitonic resonances ( Figure S15 ) and the self-trapped excitonic resonance ( Figure S15 and Tables S18-S19).
These (PEA)2PbI4 derivatives expand the family of 2DHPs that show structure in excitonic absorption and PL spectra, allowing us to test our previous hypothesis that the progressions are vibronic 5 as well as competing hypotheses, most of which involve coupling to phonons. Room-temperature Raman spectra ( Figure S16 Figure 3D ), 5 which is the vibrational selection rule. We previously hypothesized that a torsional mode on the cation couples to the exciton. This hypothesis is consistent with the smaller energetic spacings in 2-F and 2-Cl and the absence of structure in 2-Br compared to (PEA)2PbI4, because introducing additional off-axis mass would increase the moment of inertia and decrease the energy of a torsional mode. 5, 6 To further investigate the vibrational modes of the cations, we carried out densityfunctional theory calculations for isolated PEA, 2-F, 2-Cl, and 2-Br cations and analyze the similarity of vibrational modes between the cations. In our previous work, we identified vibrational modes in lead halide 2DHPs containing 4-substituted PEA cations that showed nearperfect similarity to the 411 cm -1 (51 meV) mode in the PEA cation. Here, we find a 258 cm -1 (32 meV) mode in the 2-F cation, a 164 cm -1 (20 meV) mode in the 2-Cl cation, and a 74 cm -1 (9 meV) mode in the 2-Br cation that resemble the 411 cm -1 (51 meV) mode in the PEA cation and all have energies slightly larger but similar to the energetic spacing between the excitonic resonances ( Figure S17 ). The identified modes in the 2-F, 2-Cl, and 2-Br cations contain additional motion of the C2H4NH3 + backbone compared to the mode in the PEA cation, which may compensate for the motion of the heavier halogen substituents and keep the center-of-mass stationary.
Upon ultrafast photoexcitation in the 3D hybrid perovskite methylammonium lead bromide, transient lattice reconfigurations were observed that took ~1 ps to equilibrate to an excited state nuclear configuration that is distinct from the ground state configuration. 34 This timescale is similar to the lifetimes of the hot PL resonances we observed in (PEA)2PbI4 and see here in 2-F, 2-Cl, and 2-Br. 5 A recent study analyzed coherent phonon oscillations in pumpprobe absorption dynamics to demonstrate that a hot resonance and the lowest-lying resonance in the excitonic absorption structure of (PEA)2PbI4 couple differently to low energy (< 8 meV) lattice vibrations, and the authors of this study claim that this observation rules out a vibronic progression in (PEA)2PbI4. 8 We invite further discussion on this topic because: (a) the bleach lifetime of the hot resonance was found to be orders of magnitude longer than the lifetime of the hot excitons (~1 ps), 5 raising the question as to whether the absorptive transients (and observed phononic oscillations) arise from the hot exciton itself or a relaxed state also capable of bleaching the transition; (b) given the observation of transient lattice reconfiguration in the excited state, the ~1 ps lifetime of hot excitons may be too short for these excitons to reach equilibrium in their interaction with the lattice, while longer-lived excitons that reach the lowestlying excited state will have additional time to equilibrate and may respond to (or generate) lattice modes differently. In addition, the lack of mirror symmetry about the lowest-lying resonance between the excitonic absorption and PL spectra in (PEA)2PbI4, 2-F, or 2-Cl has been used to dispute the vibronic coupling hypothesis. 35 We probe the power dependence of the hot exciton PL in (PEA)2PbI4, 2-F, 2-Cl, and 2-Br. Using 3.28 eV excitation, we find that at excitation densities ≥ 10 23 photons cm -3 s -1 , the proportion of hot exciton PL increases and there is a small blue-shift of the central PL resonance ( Figure S4 ). One possible explanation for the relative increase inin hot PLis that a hot phonon bottleneck may occur, where a large phonon emission rate in the presence of a high carrier density causes a nonequilibrium phonon population with increased phonon reabsorption and a resulting net decrease in the rate of relaxation to the lowest vibrational level. A similar phonon bottleneck is seen in the 3D hybrid perovskite methylammonium lead iodide at high photoexcitation density using transient absorption spectroscopy. 37 The increased hot PL is consistent with the theory that the resonances are caused by a vibronic progression.
Several other hypotheses have been proposed for the origin of excitonic structure in this class of materials. [8] [9] [10] [11] One of these hypotheses is that the excitonic structure is caused by distinct excitonic states likely caused by polaronic effects. 9 Our data here indicate that both vibronic progressions and such distinct excitonic transitions may occur. We note that other than asymmetry in the inorganic framework, which is absent in 2-Cl, no consistent explanation has been given as to why excitonic states of different origin should be regularly spaced in energy and obey the observed kinetics. A modification of the distinct exciton hypothesis is that some of the additional excitonic states are caused by biexcitons combined with the existence of two distinct excitonic states. 11 While biexcitons are likely in 2DHPs, they were observed at excitation densities >10 18 /cm 3 . Our steady-state absorption spectra are taken using a benchtop UV-Vis-NIR spectrophotometer resulting in excitation densities ≪10 18 /cm 3 , yet we still observe multiple equally spaced resonances in absorption in (PEA)2PbI4 and 2-Cl. It is also unclear why the biexciton binding energy would be equal to the spacing between the proposed distinct excitonic states. Lastly, the biexciton binding energy should not change so dramatically between (PEA)2PbI4, 2-F, and 2-Cl, and 2-Br given the exciton binding energies are within 30% of one another and biexcitons exist in the inorganic lattice.
Conclusion
We show single atom substitution on the cation in 2DHPs dramatically alter their structure and photophysical properties seen in steady state and time-resolved absorption and PL spectra. These substitutions can be used to tune the proportion of hot exciton PL, with the amount of hot exciton PL increasing by an order of magnitude to 8.4% in 2-Cl and 9.8% in 2-F from 0.3% in (PEA)2PbI4 . By expanding the family of 2DHPs which show complex structure in excitonic absorption and PL spectra and hot exciton PL, we can evaluate competing theories on their origins. The regular spacing of the excitonic resonances in (PEA)2PbI4, 2-F, and 2-Cl that inversely correlates with the mass of the off-axis substituent on the cation, and the presence of at least five resonances in 2-Cl, support the hypothesis that a vibronic progression is responsible for the existence of this structure. The kinetics observed in TRPL further support the existence of a vibronic progression because vibrational selection rules are followed. Lastly, hot exciton amplification provides a further route to tune the PL in 2D hybrid perovskites. Our findings highlight the need for further experimental and theoretical studies on the cation's contribution to the optical and electronic properties of 2DHPs because simple changes to the cation have profound effects.
Methods
(PEA)2PbI4, 2-F, 2-Cl, and 2-Br are synthesized by slowly cooling a hot hydriodic acid solution containing perovskite precursors following a previously published procedure. 6 Briefly, unstabilized aqueous hydriodic acid (57% w/w, Sigma-Aldrich) is purified by performing successive liquid-liquid extractions using 10% v/v tributylphosphate (99+%, Acros Organics) in chloroform (Fisher Chemical) until clear in color immediately before use. 6 Powder diffraction patterns are taken on thin films using a Rigaku SmartLab X-ray diffractometer using Cu-kα radiation operating at 40 kV and 30 mA in θ-2θ geometry.
Absorption and photoluminescence measurements are taken on thin films of the perovskites in an evacuated Advanced Research Systems DE202 cryostat. Absorption spectra are collected in an Agilent Cary 5000 spectrometer. Steady state photoluminescence (PL) and nanosecond time-resolved photoluminescence (TRPL) spectra are collected in an Edinburgh Instruments FLS1000 fluorescence spectrometer using a Hamamatsu R13456 photomultiplier tube detector. Steady state spectra are excited using a monochromated Xe arc lamp, and nanosecond TRPL spectra are excited using a 378 nm Picoquant diode laser. Picosecond TRPL measurements are taken using an optical Kerr-gate setup described previously. 5 Raman spectra are collected on Horiba LabRam HR confocal Raman scattering microscope using a HeNe laser.
Steady-state and time-resolved spectra are fit using the lmfit Python module. 41 All reported uncertainties are one standard deviation.
Vibrational modes of isolated cations are calculated using a previously-published method. 6 To compare vibrational modes in different cations, the Kabsch algorithm 42,43 is used to orient the cations, and the atomic displacements of each vibrational modes are projected against one another. (Table S13 ). (D) Selftrapped excitonic PL with (E) and resonance center and (F) area with lifetime fit. (5) 
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